This review of previous studies on the damage and mechanical modelling of fibre-reinforced composite materials, especially carbon-fibre-reinforced plastic composites, is based on the findings of recent studies conducted in conjunction with other researchers. Studies that utilized various modelling scales, ranging from macroscopic to microscopic, are considered. The modelling of impact damage, ply cracks, ultimate tensile failure, the initiation of transverse ply cracks, the micro-mechanical properties of interfaces and molecular dynamics are specifically addressed. In addition, the scope for future work in the field is described.
Introduction
Fibre-reinforced composites, especially fibre-reinforced plastic composites, are widely used in engineering products including aircraft. For example, parts produced from carbon-fibre-reinforced plastic (CFRP) composites account for 50% of the total weight of a Boeing 787 aircraft. CFRP was also recently applied to the upper panel of laptop computers. The usage of CFRP in various types of engineering products will be expanded farther on in the future.
The key question regarding CFRPs is the mechanism of their progressive damage. Generally, a CFRP includes fibres, a polymer matrix, and an interface. In engineering applications, lamination and filament winding structures are used. When a mechanical load is applied to composite structures, various types of damages occur. On the macroscopic scale, delamination, which can be considered as an interfacial crack between the composite laminates, is known to occur. On the microscopic scale, debonding in the interface between the fibres and the matrix, micro-cracks in the matrix, and breakage of the fibres have been observed. Thus, wide range of size scales should be considered for the purpose, as shown in Fig.1 .
In this paper, previous studies on damage and mechanical modelling are reviewed based on my recent works conducted in conjunction with other researchers. Studies that utilized various size scales, ranging from macroscopic to microscopic, are considered.
Delamination of composite laminates
CFRPs are used for the fan blades of jet engines owing to their light weight. Hence, bird strike and other incidents in which the engine draws in soft bodies should be considered in the safety design. The possibility of bird strike is critical to the design of jet engines because the soft body of the bird would be extremely deformed and the widely distributed pressure would affect the composite structures, resulting in catastrophic damage or fracture of the structures. To reproduce the large deformation of soft bodies, sphere particle hydrodynamics (SPH) simulation is widely used (McCarthy,et al., 2004 , Komagata,et al., 2011 . The method is one of those used to reproduce deformation, contact, and fracture. We have previously proposed a technique for the SPH simulation of soft-body impact, which is illustrated in Fig. 2 (Komagata,et al., 2011) . In the present study, we reproduced the damage of composite laminates using the traction and separation method. The process was similar to the modelling of a cohesive zone by the continuum finite element method and could be used to capture the trends of the progressive damage of the composite laminates.
Hard-body impacts such as by a dropped tool, lightning, and ice are other major sources of damage to composite structures. Such impacts induce delamination of the composite laminates and reduce their compressive strength because the delamination area deforms nonlinearly owing to the interfacial separation. Several models have been presented so far (Collombet, et al., 1998 , Geubelle and Baylor, 1998 , Li, et al., 2002 . We have also proposed a cohesive zone model for predicting such damages (Nishikawa, et al., 2007) . As shown in Fig. 3 , the complicated delamination shapes could thus be simulated, and the results were in good agreement with those of experiments. (Komagata,et al., 2011) 
Damage growth of holed or notched laminates
The reliability of holed or notched sections of CFRP structures is a key issue in the engineering application of such materials. The Federal Aviation Administration strongly requires safety of stress-concentrated composite members of aircraft. Open-holed or notched specimens have therefore been used to evaluate the materials of such structures, and complicated damages including delamination, matrix crack, and fibre breakage have been observed around the holes or notches (Kortschot and Beaumont, 1990a , 1990b , Chang, et al., 1991 , Kamiya and Sekine, 1996 . Thus, a simplified fracture mechanics of the growth of a single crack cannot be used to adequately capture the process of damage growth.We therefore proposed a cohesive zone model coupled with Mindlin plates, which can be effectively used to analyse the bending deformation of composite laminates (Yashiro, et al., 2005 (Yashiro, et al., , 2006 (Yashiro, et al., , 2007a (Yashiro, et al., , 2007b . Figure 4 is a schematic representation of the finite element model, and Fig. 5 compares the experimental and simulation results. The simulation fairly captured the characteristics of the progressive damage of composite laminates. We extended this approach to the modelling of low-cycle fatigue damage of composite laminates, as shown in Fig. 6 . Here, the non-dimensional parameter of the cohesive zone model was designed to decrease with cyclic loading. This formulation of degradation of cohesive parameter is similar to that of the creep rapture model proposed by Kachanov. The degradation of the parameter of the cohesive zone model can thus be used to capture the cyclic damage of the composite laminates. This approach is quite phenomenological and is yet to be sufficiently evaluated. Several researchers proposed the model using shell elements and cohesive zone model (Pinho, et al., 2006 , Jiang, et al., 2007 , Harper and Hallet, 2008 , Hallet et al., 2009 .We have also proposed a method for simulating the damage of metal/CFRP laminates, and it has been further developed for application to heat shields (Yamaguchi, et al., 2009 (Yamaguchi, et al., , 2010 . The method enables us to calculate the generation of the delamination between the metal sheet and CFRP of laminates. Schematic figure is shown in Fig. 7 . We were able to use the cohesive zone model to predict the delamination shapes during cyclic loading as shown in Fig. 8. 
Failure modeling of UD composites
Advanced composite materials have been recently applied to the primary structural components. The ultimate failure is controlled by the strength of the ply which is parallel to the loading direction. The prediction of the ultimate tensile strength of the ply is quite important in the design of such structures, in which fibre breakage is generally the main cause of failure. Successive fibre breakage is therefore the primary challenge in modelling damage growth in unidirectional composites. Building upon the famous work of Zweben and Rosen (1970) , several studies have been Fig. 3 Comparison between simulated results for the growth of the delamination in CFRP cross-ply laminates and experimental results. (Nishikawa, et al., 2007) conducted on modelling damage growth (Oh, 1979 , Beyerlein and Phoenix, 1996 , Ochiai, et al., 1991 . The shear-lag model has been particularly widely used for numerical studies owing to its flexibility. However, until the 1990s, computational limitations limited the model to two dimensions. As pointed out by Curtin (2000) , two-dimensional models produce higher stress concentrations than three-dimensional ones. Several research groups have therefore developed three-dimensional models of damage growth in UD composites , Landis, et al., 2000 , Goda, et al., 2003 , Xia, et al., 2001 , Zhou and Curtin, 1995 . We have proposed the spring element model, which is based on a three-dimensional shear-lag model as shown in Fig. 9 . This model incorporates an elastic spring system with the solution of nonlinear stress recovery from the fibre breakage point. Thus, it can be applied to the stress field around the fibre breakage point, and it is not necessary to consider the nonlinearity of the matrix. This model has been applied to CFRPs, glass-fibre-reinforced polymers, and metal matrix composites. We extended these models to the failure process of short fibre reinforced composites , Sasayama, et al., 2013 . 
Failure modeling of cross-ply laminates
Cross-ply laminates have been extensively used to investigate the failure process of composite laminates. Generally, transverse cracks are generated in 90° ply at low strains, and delamination occurs at the inter-laminar. Fibre breakage also occurs in 0° ply, eventually resulting in failure (Boniface, et al., 1997, Garrett and Bailey, 1977) . Until the 1990s, most studies focused on the transverse cracks generated at low strains, and the combination of transverse cracks and delamination were discussed (Takeda and Ogihara, 1994) . However, the complete failure process including fibre breakage was seldom discussed. Okabe et al. first presented the complete damage process of cross-ply laminates, using the cohesive zone model for a two-dimensional finite element analysis (Okabe, et al., 2004 . They precisely captured the failure process and predicted the failure strain, as shown in Fig. 10 
Initial cracks in composite laminates
Mechanical damage of composite laminates always begins with matrix cracking. An understanding of the mechanism of matrix cracking is therefore very important for the safe use of composite structures. As is well known, the typical polymer matrix of CFRPs is epoxy resin, which makes the investigation of the damage process and failure (Yamaguchi, et al., 2010) properties of the epoxy important. Epoxy generally fails as a result of dilatation. Asp et al. (1996a Asp et al. ( , 1996b presented the failure process based on the dilatation energy criterion, and Okabe et al. (2011) simulated the cracking strain using the periodic unit cell and modified Gurson Law. Moreover, Sato et al. (2014) successfully used a combination of the dilatation energy criterion and the modified Gurson Law to predict the cracking strain of an off-axis ply. As shown in Fig. 11 , the plastic strain around the crack site increases with decreasing angle. Koyanagi et al. (2014) experimentally demonstrated that the morphology of the matrix crack depends on the strain rates, and we also simulated the dependency using the unit cell. 
Modeling of single fibre composites or micro testing
Several testing methods have been proposed to characterize the microscopic mechanical properties of composite materials. Single-fibre-reinforced composite (SFC) has been particularly widely used because of its simplicity. The fragmentation -i.e. the successive breakage of the single fibre -can be easily observed. SFC is often used to characterize the interfacial properties because the fragmentation process is controlled by the shear stress between the fibre and the matrix. As pointed out by Nishikawa et al. (2008b) , however, the estimation is quite sensitive, and we therefore do not recommend the use of the method. This is because the shear stress depends on not only the shear strength, but also the constitution law (i.e. the plastic strain hardening) of the matrix. We have presented a series of papers that highlight the problem of SFC and concluded that it is most appropriately used to evaluate the fibre strength , Zhao, et al., 2000 , Okabe, et al., 2008 .
Atomistic modelling of nano-composites and polymer
As a result of computational development, molecular dynamics simulation has become a very useful engineering tool. Here, two topics, namely, nano-composites and thermosetting polymer, are introduced. Since carbon nano-tube (CNT) was discovered, nano-composites including nano-scale reinforcements have been developed, and CNT/epoxy composites have been particularly studied. It has been found that interfacial stress transfer between the fibre and the matrix is important to enhancing the mechanical properties of nano-composites, and many researchers have attempted Fig. 10 Comparison between simulated results for the damage growth in cross-ply laminates and experimental results. (Okabe, et al., 2008) (a) 30 °(b) 60 °(c) 90 °3 2 1 Crack 5 75 Fig. 11 Distribution of the von Mises stress in the PUC model for 30°, 60°, and 90°laminates. (Sato et al., 2014) to improve the interfacial properties by chemical treatment (Thostenson, et al., 2001) . We have studied the mechanism of stress transfer between the fibre and the matrix using molecular dynamics (MD) Okabe, 2007, Chowdhury, et al., 2010) , and the results of our simulation have contributed to the further development of CNT/epoxy composites. Regarding thermosetting polymer, several researchers (Ali and Behrouz, 2013 , Li and Starachan, 2011 , Nouri and Ziaei-Rad, 2011 are presently working on characterizing the cross-linked epoxy on an atomic scale, and it has already been reported that the Young's modulus, glass transition temperature, and density can be predicted based on the atomistic structures. Sundararaghavan et al. (2013) showed that the yield stress can also be predicted using a combination of MD and the Argon theory based on the kink formation. Okabe, et al. (2013) have also developed a model of the curing process of epoxy resin, taking into consideration the chemical reaction shown in Fig. 12 . The model can be used to investigate both the curing process and the mechanical properties.
Summary
In this paper, we reviewed recent works on the damage growth model of composites, including macro-and micro-scale studies. The findings of the microscopic studies are useful for developing the parameters of macro-scale models and the material properties, and can also be incorporated in macroscopic analysis. It is preferred that the relationship between different scales is quantitatively formulated, although the actual achievement of such is very difficult. As pointed out by Xia and Curtin (2008) , the findings of the microscopic studies can, however, be transferred to the macroscopic scale -a very realistic approach known as information transfer shown in Fig. 1 . For example, as stated above, the impact damage of composite laminates is a very important phenomenon in the design of composite structures. To understand this phenomenon, the deformation of composite plates should first be examined by structural analysis. Once the deformation of the plates has been established, the initiation of the ply crack should be examined using the unit cell simulation stated above. The growth of the crack generated from the initial crack can be analyzed using the cohesive zone model, and atomistic simulation can be used to develop the molecular structure and improve the matrix crack strain. In general, the results of such simulation are widely distributed, and the relationships among a series of results cannot be easily determined quantitatively. I am of the opinion that the concept of information transfer should be applied to such complicated situations.
Regarding the scope of future study on the modelling of composite structures and materials, as the application of such materials broadens over different engineering fields, the demand of relevant industrial technology would increase. For example, fabrication processes such as cutting and drilling are some of the major issues of the application of Fig. 12 Schemtic figure of modelling of cross-linked structure. composite materials, especially the initial flaws or cracks that could be generated during such processes. Further modelling study targeted at addressing these issues are necessary.
